In this work, we study the near-extinction behavior of micro-jet diffusion (i.e. non-premixed) flame, so called microflame, formed in a preheated air (up to 1020 K) in order to elucidate the unique and promising stability mechanism due to miniaturization of the jet diffusion flame. Effects of fuel flow rate and preheated air temperature on overall flame shape, flame temperature and the burner tip temperature are examined experimentally. Furthermore, the slight premixing effect on the near-extinction character is also investigated in order to support the stability mechanism suggested by this study. Methane is used as fuel and the several kinds of burner material are employed in order to examine the role of the burner. It turns out that the increasing the preheated air temperature decreases the limiting minimum flow rate effectively to simulate well the ideal condition of miniaturization of jet flame. This allows the flame to stay close to the burner and suppress the heat loss to the ambient, accordingly, the burner tip is substantially heated up. Then, the fuel flowing through the burner "receives" the heat from the burner (heated by flame) effectively to enhance the reactivity, resulting in improving the stability. It is also suggested that the endothermic radical-chain reactions are promoted 2 near the exit of the burner when the burner temperature is substantially heated, at which the back-diffused oxygen is penetrated. Our experimental observations convince the existence of the unique and promising stability mechanism apparently found in the miniaturization of the jet diffusion flame, where the flame and burner scale are almost identical and their thermal interaction becomes prominent.
Introduction

Stabilizing Technique for Small-scale Flames
Small-scale combustion becomes a topic in "new-concept combustion" in these days because it shows unique characteristics. Taking advantage of its size and high-powered density, miniaturizing flame can be applied to new technologies likely tiny engines and other combustion devices [e.g., 1].
According to the most recent review brought by Maruta [2] , however, several unknowns still exist, especially for its limiting behaviors. There are, therefore, many issues need to be investigated in terms of the scale effect on the limiting combustion character.
Here, let us consider the possible scale effect on the flame stability. Heat loss to the surroundings becomes relatively large as compared to a standard-sized flame as the flame scale is reduced, then the flame gradually loses the stability and is eventually quenched. In this way, it is understood that we have small-scale limit to sustain the flame. Novel combustion devices have been developed to overcome the disadvantage to enlarge the stability limit. One example is a Swiss-roll combustor that consists of two spiral channels with combustion space at the center [3] [4] [5] . Its fundamental concept is based on excess enthalpy combustion proposed by Weinberg [6] which also have been applied to the porous burner to attain the low-load combustion [7, 8] ; namely, recirculate the combustion-generated heat toward the unburned premixed gas in pre-burning process. The channel wall plays a role of heat transfer medium for the heat recirculation in the case of the Swiss roll combustor. Recently, the fundamental characteristics of the premixed flame in a heated micro channel were studied in the context of this combustor [9] [10] [11] , revealing that utilizing such heat recirculation is one of promising way in miniaturizing combustion devices. Interestingly, all existing combustors/burners utilizing the heat recirculation for further stabilization have been only considered in the premixed flame, although the same strategy could also be applied to the diffusion (i.e., non-premixed) flame. More specifically, the similar stability mechanism would exist also in small-scale diffusion flames, so called microflame [12] [13] , in which the flame-burner (wall) interaction becomes prominent. If so, this additional stabilized mechanism has potential to cover up unknowns in miniaturizing flames as pointed in [2] . This is the motivation of the present study.
Stability of a Micro-jet Diffusion Flame (Microflame)
Microflame is known as a millimeter-size of diffusion flame formed over a fine needle burner (inner dia. < 1.0 mm) [12] [13] . So far, a number of studies have been conducted in order to elucidate the stability of the microflame. Nakamura et al. [14] firstly attempted to investigate the effect of cooled boundary on the flame shape and stability of the microflame, showing the importance of thermal interaction between the flame and the burner. Later, Matta et al. [15] , Nakamura [16] [17] , Chen et al., [18] , Butler et al. [19] made a different series of studies of micro-jet diffusion flame to support this issue. Importantly, the most of evidence implies that the burner always act as "heat sink" and is the main cause of less-stability in the system, except for one recent report by authors [20] .
Nakamura et al. [20] , has recently pointed out the possibility that combustion-generated heat could be recirculated through the burner to the unburned fuel so that the burner can act as the "heat transfer medium" to improve the flame stability. This idea is physically similar to the enhancement of droplet combustion by the heat conduction through the supporting rod [e.g., 21], although no detail investigation is so far available.
It should be noted that the heat recirculation can occur when the heat sink from the flame toward the burner occurs so that reader may wonder what causes the different response to the stability.
Simply it depends on how the input heat from the flame to the burner is distributed. Assume that the burner is relatively thick and thermal conductivity is high enough, the input heat is easily conducted toward the upstream through the burner. Although a part of the heat is recirculated to the fuel flowing through the burner, most of the heat eventually might be lost by conduction or radiation toward the ambient. In this case, the burner is recognized as the source of heat sink and this negative effect on stability is strong enough to mask the stability-promotion mechanism by way of the heat recirculation (this might be the reason that most of previous works did not mention about the promotion mechanism). In order to be highlighted the stability-promotion mechanism, if any, we shall select certain condition to suppress the heat loss toward the ambient so that the input heat is effectively transferred to the flowing fuel gas in the burner. It should be mentioned that such condition would be naturally satisfied when the burner is very thin and is covered by the (spherical) flame formed over it; namely, this is the extreme case of miniaturizing micro-jet flame.
Objective of This Paper
The objective in this study is to convince the existence of the stability mechanism associated with heat recirculation through the burner in micro-jet diffusion flame system by utilizing the preheated air experimentally. The reason to utilize the preheated air is simply due to clearly observe the heat recirculation effect via microburner in most efficient way. As noted in the last part of previous section, in order to observe the heat recirculation effect in effective way, it is preferable to suppress the heat loss toward the ambient. Preheated air combustion system can work to achieve this condition.
Additionally, the flame could form close to the burner tip, resulting in promoting the conductive heat transfer from the flame to the burner so that much of heat could be recirculated to the fuel gas, which enables us to observe the stability effect clearly. Of course, there is no question that utilizing preheated air itself can enhance oxidative reactions in gas-phase to improve the stability; nevertheless, our target is to identify above-mentioned heat-recirculation effect, which should intrinsically exist irrespective of the preheating treatment.
In fact, there are several technical difficulties once we would like to observe the effect in a satisfactory level without utilizing the preheated air system; an employing the extremely small burner (diameter is small and the thickness is thin) with the less-conductive material (so that it can be heated up easily) is one of simplest candidate. First of all, however, fabricating such tiny burner itself is difficult. Suppose such "ultra-microburner" is available and used on purpose without utilizing preheated air system, then it is easy to expect that the temperature at the burner tip could occasionally increase, eventually the burner tip may "melt" to choke the fuel flow. Controllability is, therefore, not good so that the systematic study becomes difficult. Utilizing the preheated air can avoid such potential difficulties, yet enable us to represent the physically-identical condition of extremely down-scaled jet burner system with better controllability.
In this study, a wide range of preheated air temperature (up to 1020 K) was adopted to examine the limiting character of near-extinction microflame systematically. Slight premixing effect was also investigated to understand the limiting character better. After all, the existence of the flame stability mechanism was ensured in miniaturizing jet diffusion flame, which could be recognized as one of the unique and promising character of microflame. Fig. 1 shows the burner systems schematically. Since the detailed of the preheated air combustion system utilized in this study can be found in elsewhere [22] , the brief description is made here. Co-flow type of burner system was introduced; fuel (methane) was issued from the center circular-port jet and the preheated air was issued from the outer port. The thermal insulator was set around the main combustion chamber made of the quartz glass to minimize the heat loss to the ambient.
Experimental method 2.1 Apparatus and Conditions
Volumetric flow rate of the co-flow air was set at a constant (1.0 L/min at a standard state, where corresponding air velocity was 1.0 cm/s) throughout the study. High-temperature air heated by the electric heater went through the section of the bed filled with ceramic balls (dia. of 2.0 mm) to eliminate large eddies and became a spatially uniform in the main chamber. A nickel-chrome (Ni-Cr) wire was additionally installed in the ceramic ball bath for better control in order to obtain the target air temperature. The preheated air temperature was measured using a thermocouple (K-type, wire dia.: 0.3 mm, junction dia.: 0.7 mm) and inserted from the top of the chamber. After the preheated air temperature reached to the target value and the temperature field became steady state, the thermocouple was removed, instead, the micro burner (inner dia.: 0.8 mm, outer dia.: 1.2 mm) was inserted from the bottom. The fuel flow rate was controlled by a fine needle valve and measured by a soap bubble meter (Shimadzu GL Science, 3001-1102: 15 mL of maximum volume tube), and adjusted to obtain the limiting flames. The reproducibility was carefully checked and it was found that the uncertainty of the prescribed flow rate was up most 1.0 %. The temperature of the preheated air, T air
[K] (up to 1020 K), and the fuel flow rate, V f [mL/min], were considered as main experimental parameters in this study. Additionally, several kinds of burner material were employed, such as aluminum, brass, stainless iron (SUS304), aluminum-oxide (alumina), mullite, in order to examine the role of the burner on the flame stability. If not otherwise specified, the burner material is mullite throughout this paper. Furthermore, the effect of the slight premixing on the flame stability (extinction limit) was also investigated to support the proposed-idea made in this study.
Flame Image Analysis
Two different imaging systems were utilized in this study in order to analyze flame image satisfactory. In the case of the moderate range of the preheated air temperature (lower than auto-ignition temperature (~ 820 K), namely, T air < 820 K), the quenching distance, L q [mm], and the flame height, L f [mm], were obtained from the image taken by a digital camera (Sony HDR-XR500V, the shutter speed and the exposure for the camera were set to 1/250 s and full open, respectively, for all conditions). The threshold in the luminosity from the flame image was adopted to identify the quenching distance and the flame height as shown in Fig. 2 . On the contrary, in the case of substantially higher range of the preheated air temperature (higher than auto-ignition temperature, namely, T air > 820 K), the flame image was taken by digital camera (Canon EOS DS6041: ISO, shutter speed and exposure were set at 400, 1/8 s and full open, respectively, throughout the conditions) with a close up ring (69 mm) and macro lens (Macro-Nikkor 105mm, f/2.5). To eliminate noise caused by radiation from the heated medium (e.g., Ni-Cr wire and ceramic balls), the background image ( Fig.  3 -b) was subtracted from the raw image ( Fig. 3 -a) to obtain the processed image ( Fig. 3 -c) to be analyzed.
Temperature Measurements
The flame temperature was measured along the burner axis using R-type thermocouple (wire dia. = 25 μm, junction dia. = 40 μm). To prevent the catalytic effect of Platinum alloy, the thermocouple was coated with thin-layered silicon-oxide. The origin was set to the burner tip on the burner axis.
The heat loss by the thermal conduction along the thermocouple wire was considered to be negligible, because the diameter was small enough. The radiation correction was made by Kaskan's method [23] to apply that emissivity and Nusselt number at the junction are 0.22 and 2.0, respectively. Gaseous thermal conductivity used for the correction was applied to that of nitrogen at the measured temperature.
The burner tip temperature was measured using an IR-camera (AGEMA THV900: Spectral response and resolution are 2 -5.4 μm and 0.14 mm/pixel respectively). Calibration formula to convert the emission intensity to the field temperature was developed prior to the present work.
Estimation error was within roughly 31 K in this scheme.
Results and Discussion
Fundamental Characteristics of Microflames in Preheated Air
Direct photographs of microflames in the various imposed conditions are shown in Fig. 4 . As shown in (I) and (II), where the imposed preheated air temperature (T air ) are 293 K and 570 K respectively, the flame height decreases whereas the quenching distance increases by reducing the fuel flow rate. The burner wall gives bright emission in case of (II), not in (I), and the brightness gradually decays (i.e., the burner tip temperature decreases) when the condition approaches to the extinction limit. Just before the extinction (in the following, simply state "at the extinction" throughout this paper) the luminous zone becomes almost flat, which is identical to the previous works [15] [16] . Aforementioned trend at near the extinction limit are found to be almost identical regardless of the applied burner materials in this study (not shown here), although the limiting flame shape and the limiting quenching distance are slightly affected. In general, as the preheated air temperature increases, the flame curvature becomes higher (i.e. the flame shape tends to be hemisphere) and the quenching distance becomes smaller (i.e. the flame closes to the burner). Interestingly, as shown in (III), the flame formed in the preheated air temperature at 920 K is found to be quite different from the previous two cases of (I) and (II). Especially at the extinction, the flame luminosity becomes extensively low and the edge of flame becomes unclear, showing the similar trend to the "weak" hydrogen-air microflame reported by Lecoustre et al. [24] . Figure 5 shows the effect of the thermal conductivity of the burner materials ( b ) on the minimum fuel flow rate (V Lf , denoting the lowest V f to attain the extinction) for the case of without preheated air (T air =293 K). The minimum fuel flow rate decreases monotonically as the thermal conductivity of the burner decreases. Burner tip temperature would become higher under such conditions, accordingly, the stability of microflame is expected to be strongly affected. The sensitivity of the minimum fuel flow rate is found to be higher in the low-range of thermal conductivity; especially less than 10 W/(mK), suggesting that the lower thermal conductivity burner is better in regards to improve the stability. One thing should be noticed that this observed trend with regard to the stability response against the thermal conductivity seems to contradict to the well-known excess enthalpy combustion concept [e.g. [3] [4] [5] [6] [7] [8] [9] [10] [11] . There must be at least three reasons to explain; the first is to accumulate heat at the burner tip to increase the temperature to reduce the heat loss from the flame toward the burner, the second is to accumulate heat at the burner tip to enhance the reaction kernel formed at flame leading edge, and the third is to accumulate heat at the burner tip to enhance the potential chemical reaction inside the burner tube (as discussed in Sec. 3.3.3). The observed response of stability against the thermal conductivity of the material can be recognized as one of unique feature for microflame, i.e., diffusion (non-premixed) combustion system in small-scale. The relationship between the minimum limit of the fuel flow rate (V Lf ) and the preheated air temperature (T air ) is depicted in Fig. 6 . The stability is clearly improved when the preheated air temperature increases as found in the previous study [22] . The best fit curve is found to be an exponential function [22, 25] and the slope in this log-log plot (Fig. 6) obviously changes across the auto-ignition temperature of methane (T air = 820 K), suggesting that the mechanism of flame stability are different in these temperature ranges. In the following, we shall study the limiting flame character in these temperature ranges separately.
Limiting Flame Character in Moderate Range of Preheated Air Temperature (T air < 820K)
Universal Limiting-flame Behavior
We shall focus on the limiting flame character within the moderate range of the preheated air temperature (T air < 820 K) in this section. In Fig. 7 , the relationship between the smallest flame height (L Lf ) and the corresponding quenching distance (L Lq ) at the extinction are summarized under the variety of burner materials and the preheated air conditions. It is clear that these two quantities are correlated linearly regardless of the conditions studied. The fitting curve shows that the difference between the minimum flame height and the quenching distance (L Lf -L Lq ; corresponding to luminous zone thickness as shown in Fig.2) gives the constant value of 0.45 mm. This fact implies that the luminous zone thickness, hence the flame temperature, at the extinction is almost identical regardless of the conditions studied. By the way, this value of 0.45 mm (luminous zone thickness at the extinction) is similar to the one predicted in our previous numerical work [16] .
Role of Burner as Heat Recirculation Medium
To verify the above-mentioned limiting character of the flames, temperature measurement of the flame and burner are made. Gas temperature distributions at 293 K and 670 K of the preheated air temperatures along the axis are shown in Fig. 8 . The observed temperature distribution has a single peak as expected. Temperature gradient toward downstream is found to be rather mild when the imposed preheated air temperature is low and the ejected fuel flow rate is high, on the contrary, it holds relatively steep as the preheated air temperature increases and the ejected fuel flow rate is low. Under these conditions, the flame height (namely the flame scale) becomes smaller, confirming that the diffusion transport toward the downstream must be taken into account in the analysis of microflame [e.g. 12] . It is also found that the temperature gradient toward upstream shows less sensitive against the fuel flow rate, more importantly, the interesting response of the heat flux from the flame toward the unburned gas at Y = 0 is observed in the present study as shown in Figure 9 . Dashed lines, (a) ~ (c), show the minimum fuel flow rates in the prescribed preheated air temperature conditions. The heat flux keeps constant against the fuel flow rate and then, slightly increases near extinction limit. One fact should be noticed that the critical flux at the extinction limit is found to be nearly identical (~ 80 W/mm 2 ) irrespective of the imposed preheated temperature, suggesting that the limiting reaction rate (as well as the limiting flame temperature) should be also nearly identical. Although only the case of mullite is presented here, as long as the burner is catalytically inert and the same fuel is used, it is convinced that thermal balance between the burner and the flame should be the major cause of the extinction. Base on the fact that the different burner material gives different limiting distance between the flame and burner (see Fig. 7 ), the limiting heat flux could be adjusted accordingly. In this sense, it is expected that the above-mentioned scenario would be similarly applied not only to mullite but also the other materials. Fig. 9 , implying that the same reaction-diffusion balance is established at the extinction irrespective of the imposed preheated air conditions. Recall that the flame temperature and the critical heat flux at the extinction are nearly identical regardless of the flame position, the gas temperature at the burner exit should increase accordingly with the flame closing to the burner to fulfill the observed fact. This is verified in Figure   11 showing the gas temperature at Y = 0 against the imposed fuel flow rate under three preheated air temperature conditions. As expected, the gas temperature at Y = 0 near the extinction limit is elevated by preheated air, and more interestingly, the temperature increment of the gas at Y = 0 is larger than that of air. Figure 12 shows the measured burner tip temperature against the elevated preheated air conditions. As expected the burner tip temperature increases linearly with the increase of the preheated air temperature (for better comparison purpose, the difference between the burner tip temperature and preheated air temperature is also depicted). The gas temperature at Y = 0 is found to be much higher than the burner tip temperature in all preheated air condition, indicating that the heat flux from the flame to the gas at Y = 0 is transferred toward the burner to pump up the burner tip temperature. The part of this transferred heat can be delivered (i.e., recirculated) to the unburned fuel gas to gain excess enthalpy; in this way the burner plays as the heat transport medium to extend the stability limit. This stabilization mechanism should exist when the strong thermal interaction between the flame and the burner by the militarization is introduced. After all, we can conclude that such heat recirculation through the burner is one of unique feature of flame stabilization for miniaturizing jet diffusion flames, based on something similar concept of excess enthalpy combustion (normally using premixed flame, not reported ever diffusion flame) [3] [4] 8 ].
Limiting Flame Character in Substantially Higher Preheated Air Temperature (T air > 820 K)
Activation Energy
As pointed previously (Sec. 3.1), when the preheated air temperature is substantially higher (than auto-ignition temperature; T air > 820 K), the flame stability mechanism at the extinction is somehow different from the one found in the moderate temperature range (T air < 820 K). Let us look into more with this regard in the following.
As shown in Fig. 6 , the activation energy (slope of the fitting curve) in the substantially higher preheated temperature range (T air > 820 K) becomes roughly 3 -4 times larger than that of the moderate range of preheated air temperature range (T air < 820 K). In our previous study [22] , the activation energy for moderated range in the preheated air temperature was found nearly one-thirds of the suggested value of methane-air flame (E ~ 35 kcal/mole). Thus, the activation energy in the range of T air > 820 K in Fig. 6 gives acceptable match to the suggested value of 35 kcal/mole, implying that there is no apparent effect to modify the overall reactivity under this circumstance. In other word, the reactivity in the system under the substantially preheated condition is mainly determined by the gas mixture, not disturbed by the burner (i.e., the presence of the burner is less important on overall reactivity). On the contrary, overall reactivity might be strongly affected by the burner to reduce the overall activation energy when the burner temperature keeps in the moderate range. This behavior sounds likely the catalytic effect, although no clear evidence is found so far. Further study must be made to clarify the reason.
The Effect of Slight Addition of O 2 (at T air = 920 K)
It is interesting to note in Fig. 12 that the temperature at the burner tip stays constant, suggesting the existence of the certain (endothermic) chemical processes to give an additional "heat sink" to suppress the temperature rise there. If this is right, the fuel decomposition zone should be formed inside the burner assisted by the heat recirculation through the burner. If any chemical process is available inside the burner, chemically-active intermediate and radical species preferably generated in fuel-rich condition should be produced there. Thus, even slight oxidizer addition into the fuel might drastically modify the chemical processes and the flame stability is expected to be improved accordingly. Figure 13 shows the flame images (note that the background noises are subtracted) at the extinction with/without slight addition of O 2 into the fuel. Added amount of O 2 is controlled to be less than 10 % so that the corresponding equivalence ratio becomes larger than 20; too rich to propagate itself.
Apparently, the flame luminosity increases as additional O 2 into the fuel increases, even though the net amount of methane decreases. In fact, as indicated in Fig. 14, the minimum fuel flow rate decreases as the additional O 2 percentage increases, suggesting that the flame stability is improved. These observations facts could support that the reactive zone might be elongated toward inside the burner when the burner temperature becomes substantially higher. By taking advantage of this feature, the reaction field can be controlled easily by manipulating burner temperature in the micro-jet diffusion flames. This feature might be also recognized as the one of unique features of miniaturizing jet flame.
Possible Chemical Reactions in Substantially Heated Microburner
Recall that the temperature at the burner tip becomes nearly constant, when the preheated air temperature is substantially higher, as shown in Fig. 14. This experimental fact indicates that heat recirculation might not be the main reasoning to improve the stability in such condition. This situation is resemble to so-called flameless (or MILD) combustion [26] , suggesting that the flame extinction would be caused by mass diffusion of radicals [27] . According to Tsuboi et al [27] , the extinction is experienced in the heated micro channel when characteristic mass diffusion time becomes comparable to characteristic reaction time. For the case of a limiting microflame in substantially preheated air temperature, the mass diffusion time could be comparable to the reaction time so that the chemical processes are expected to play a role on the extinction. Let us briefly consider what kind of chemical steps would occur in the substantially-heated burner in the present system. Considering the apparent back-diffusion of oxidizer into the burner from the exit, oxidation process of the fuel (methane) should be taken place inside the burner. Fuel breakup occurs through the chain initiation reaction with third body to form radicals like H and CH 3 . The formation of the radical is attributed to the following chain-branching reactions;
These reactions promote to produce H 2 and CH 3 ( OH CH O CH    3 4 contributes less to the fuel consumption than the reactions with H and OH [28] .). The recombination of methylradical leads to a C 2 -chain, which is important for rich premixed flames [29] and potentially occurs here. However, in general, the fuel-rich part is nearly inert in diffusion flame so that the contribution of this reaction might be less important. It should be noted that R1 would be limited near the burner exit because the back-diffusion is not strong enough to convey oxidizer into the burner to so deep, and, importantly, R1
is an endothermic reaction that suitably work to suppress the temperature rise near the burner port.
This might be the main reason to give constant temperature at burner tip as shown in Fig.12 . It is preferable to perform the numerical simulation with full kinetics in order to verify this estimation and investigate the actual chemical process precisely.
Conclusions
In this work, we study the near-extinction behavior of micro-jet diffusion (i.e., non-premixed) flame (so called microflame) formed in a preheated air in order to elucidate the unique and promising stability mechanism due to miniaturization of the jet diffusion flames. Flame shape and temperature of the flame and the burner in each fuel flow rate in preheated air (up to 1020 K) are obtained experimentally. Furthermore, the slight premixing effect in the fuel flow on the near-extinction character is also investigated. It is found that in general the miniaturization of jet flame has unique feature of self-stability system supported by the burner as heat recirculation medium. Flame stability improved satisfactory when the burner tip temperature is in the moderate range with reduction of overall activation energy (over all reactivity). On the contrary, when the burner tip temperature becomes substantially higher, the contribution of the presence of burner to the overall reactivity is less important. Instead, the chain-branching reaction inside the burner would be promoted with the assistance of heat recirculation through the burner. To the end, this study convinces the existence of the unique and promising stability mechanism apparently found in the miniaturization of the jet diffusion flames, where the flame and burner scale are almost identical and their thermal interaction becomes prominent. Further study is necessary to specify the key reactions to improve the stability and numerical simulation with detail kinetics model is preferable in the next step. Condition in very right corresponds to the one just before the extinction. 
